Introduction {#S0001}
============

Nimodipine (NIMO), a dihydropyridine calcium antagonist, was originally developed by Bayer in 1982, and has been shown to dilate the cerebral arteries and increase cerebrovascular flow.[@CIT0001] Nimodipine is a preferred drug for treatment of ischemic cerebrovascular disease, and is also used to treat Alzheimer's disease, stroke, migraine, and hypertension.[@CIT0002]--[@CIT0004] However, NIMO exhibits limited efficacy due to low oral bioavailability and poor water solubility.[@CIT0005]--[@CIT0007] Therefore, NIMO is administered intravenously, resulting in higher bioavailability than that observed following oral administration. Nimotop injection, produced by Bayer, is a commercially available injection that contains 23.7% (v/v) ethanol and 17% (v/v) polyethylene glycol 400 (PEG 400) to increase drug concentration in the formulation.[@CIT0008] The high concentration of organic solvent induces blood vessel irritation, resulting in pain and inflammation at the injection site. Furthermore, daily exposure to organic solvent is 101.7 mL according to the recommended NIMO dose, which may lead to phlebitis during infusion and poor compliance.[@CIT0006],[@CIT0009]--[@CIT0013] In addition, drug crystallization may occur when Nimotop injection is diluted with glucose or saline solutions due to poor water solubility, which can result in increased patient health risk. Therefore, there is an urgent need to develop safe and effective injectable nimodipine formulations.

Nanoparticle drug delivery systems have been widely used for injection of poorly soluble drugs because they allow for high drug loading, good biocompatibility, and sustained release.[@CIT0014] Injectable nanoparticle formulations of NIMO have been developed previously, and include micelles, liposomes, and solid lipid nanoparticles.[@CIT0008],[@CIT0015]--[@CIT0020] These nano-drug delivery systems have general advantages over Nimotop injection, but they typically exhibit poor stability, are subject to phagocytic effects in the reticuloendothelial system, and are difficult to produce. We initially designed a one-vial NIMO-loaded nanoemulsion, but this formulation exhibited poor stability. The drug content in the one-vial formulation decreased below 98% when stored at 25 °C ± 2 °C with a relative humidity of 60% ± 5% after only 72 hrs. To improve stability, a novel drug delivery carrier comprised of a commercially available injectable blank nanoemulsion (BNE) and a 4% (v/v) organic drug solution was designed based on our previous study.[@CIT0021] These two parts were designed to be mixed prior to clinical use to form an injectable drug-loaded nanoemulsion. Separation of the components of the formulation until use resulted in significantly improved stability. In addition, the amount of organic solvent was significantly lower than that in Nimotop injection due to high drug loading, which resulted in improved safety and less side effects. This novel two-vial drug-loaded nanoemulsion formulation may be an ideal drug carrier for intravenous injection of NIMO.

The objective of this study was to prepare a novel two-vial NIMO-loaded nanoemulsion (NIMO-TNE) that exhibited good safety and was easy to prepare. We evaluated drug distribution in NIMO-TNE, and physical and dilution stability of NIMO-TNE. Moreover, pharmacokinetic and pharmacodynamic properties of NIMO-TNE were compared with those of Nimotop injection in rats. Safety of NIMO-TNE was evaluated using the hemolysis test, assessment of intravenous irritation, and acute toxicity of NIMO-TNE was compared with that resulting from Nimotop injection.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Nimodipine was purchased from Kangmanlin Chemical Industry Co., Ltd (Nanjing, China). Nitrendipine, used as an internal standard, was purchased from the National Institute of Food and Drug Control (Beijing, China). Twenty percent (w/w) aqueous injectable emulsion (long-chain oil: medium-chain oil, 1:1, w/w) was purchased from Baxter Qiaoguang Healthcare Co., Ltd (Guangzhou, China). Nimotop injection (10 mg/50 mL) was purchased from Bayer Pharma AG. PEG400 was obtained from Well Chemical Co., Ltd (Nanjing, China). Five percent glucose solution injection and 0.9% sodium chloride injection were purchased from Tianrui Pharmaceutical Co., Ltd (Zhejiang, China). Two percent 2,3,5-triphenyl tetrazolium chloride, 4% paraformaldehyde solution, and 10% paraformaldehyde were purchased from Yuanye Biotechnology Co., Ltd (Shanghai, China). Heparin sodium salt, chloral hydrate, diethyl ether, and n-hexane were of AR grade and were purchased from Sinopharm Chemical Reagent Co., Ltd. Methanol (HPLC grade) and acetonitrile (HPLC grade) were purchased from Thermo Fisher (China) Co., Ltd. All other chemical reagents were of analytical grade or chromatographic grade.

Animals {#S0002-S2002}
-------

Thirty-two male ICR mice (SPF, 20--25g), thirty-two female ICR mice (SPF, 20--25g), twelve male Sprague--Dawley rats (SPF, 250--300 g), twenty-four male Sprague--Dawley rats (SPF, 140--160g), and six male rabbits (2.5--3.0 kg) were purchased from The Second Military Medical University and were housed at a temperature of 25 °C ± 2 °C with relative humidity maintained at 47.5% ± 2.5%. All animal studies were performed in accordance with the Ethical Guidelines for Investigations in Laboratory Animals issued by the Second Military Medical university (Shanghai, People's Republic of China). The animals were allowed to acclimate for 3 days prior to experimentation. Animals were fed standard feed (SPF level, Liaoning Qianmin Feedstuff Co., Ltd.) and provided autoclaved purified water. The animals were subjected to a 12 h light/12 h dark cycle. Following the experiments, the animal carcasses were frozen then collected by professional companies. The protocols and procedures were approved by the Institutional Animal Care and Use Committee of the Second Military Medical university (Shanghai, People's Republic of China).

Preparation of NIMO-TNE {#S0002-S2003}
-----------------------

NIMO-TNE was prepared using NIMO-PEG400 solution and blank fat emulsion. The blank fat emulsion was a commercially available 20% injectable BNE. NIMO-PEG400 was prepared by dissolving NIMO (0.25 g) in PEG400 (10 mL) using ultrasound to aid dissolution. The NIMO-PEG400 solution was then sterilized at 121 °C for 15 min. NIMO-TNE (1 mg/mL) was prepared by combining 4 mL of NIMO-PEG400 solution with 96 mL of BNE, then shaking 30 times by rotating the vessel 180 degrees (about 30 seconds) at 25 °C ± 2 °C at a relative humidity of 60% ± 5%.

Characterization of NIMO-TNE {#S0002-S2004}
----------------------------

### Analysis of NIMO Using HPLC {#S0002-S2004-S3001}

High performance liquid chromatography (HPLC) analysis was performed for drug quantitation using an Agilent 1260II HPLC system comprised of an Agilent G7111A pump and an Agilent G7114A-VWD detector. Data acquisition and processing were performed using Agilent openlab2.3 software.

Separation was performed on an Agilent Eclipse Plus C18 column (250 × 4.6 mm, 5 μm) maintained at 30 °C. The mobile phase consisted of methanol: acetonitrile: water (35:38:27 v/v/v). The flow rate was 1.0 mL/min and the injection volume was 10 μL. Absorbance was monitored at 235 nm.

### Drug Distribution in NIMO-TNE {#S0002-S2004-S3002}

The drug distribution in NIMO-TNE was estimated as previously described.[@CIT0007],[@CIT0021]--[@CIT0024] Drug content in the aqueous phase was determined using ultrafiltration and centrifugation. An appropriate amount of NIMO-TNE (4 mL) was transferred to an ultrafiltration centrifuge tube (100 k, Millipore Corporation, USA), and the tube was inserted into a 15-mL centrifuge tube. After centrifuging at 7000 rpm for 15 min at 4 °C (Kecheng Instrument Equipment Co., Ltd, Hunan, China), the aqueous phase was collected and analyzed using HPLC. The oil phase was separated by addition of inorganic salt. Three grams of sodium sulfate was added to 8 mL of NIMO-TNE and the resulting sample was placed in a 15-mL centrifuge tube. Centrifugation at 12,000 rpm for 90 min at 4 °C resulted in the following three layers from top to bottom: oil phase, phospholipid bilayer, and aqueous phase. The oil phase was placed in a 2-mL centrifuge tube and centrifuged at 10,000 rpm for 5 min at 4 °C. Fifty microliters of the oil phase was collected and diluted with diethyl ether-methanol (1:9) to 10 mL, and drug content was measured using HPLC. The drug content in the phospholipid layer (Cp) was calculated using the following formula:
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where Cp was the drug content in the phospholipid layer, Ct was the total drug content in NIMO-TNE, Ca was the drug content in the aqueous phase, and Co was the drug content in the oil phase.

### Measurement of Particle Size and pH {#S0002-S2004-S3003}

The mean particle size and polydispersity index (PDI) of NIMO-TNE were measured using a Nano S Zetasizer (Malvern Instruments Ltd., UK) at 25 °C. The samples were analyzed following 20X dilution with double-distilled water. The pH values of NIMO-TNE were measured using a PB-10 pH detector (Sartorius Ltd., Germany).

### Physical Stability Study {#S0002-S2004-S3004}

NIMO-TNE (1.0 mg/mL drug loading) was freshly prepared and stored at 25 °C ± 2 °C at a relative humidity of 60% ± 5%.[@CIT0021] Samples were analyzed for pH, drug content, particle size, and PDI at predetermined time intervals. Long-term stability of NIMO-PEG400 solution (25 mg/mL) was evaluated under the same experimental conditions for 12 months.[@CIT0021]

### Dilution Stability Study {#S0002-S2004-S3005}

NIMO-TNE was diluted to the same concentration as Nimotop injection (0.04 mg/mL in 5% glucose or 0.9% sodium chloride injection).[@CIT0025] The diluted samples were stored at 25 °C ± 2 °C at a relative humidity of 60% ± 5%. The samples were analyzed at the predetermined time intervals for drug content using HPLC. Drug content, pH, particle size, and PDI were evaluated to determine dilution stability.

In vivo Pharmacokinetic Study {#S0002-S2005}
-----------------------------

### Groups and Dosing {#S0002-S2005-S3001}

Twelve male Sprague--Dawley rats (250--300 g) were randomly divided into two groups with six rats in each group. NIMO-TNE was diluted with 0.9% sodium chloride to the same concentration as Nimotop injection. NIMO-TNE and Nimotop were injected intravenously via the tail vein at a single dose of 0.8 mg/kg. Blood samples (0.5 mL) were collected from the ocular vein at 2, 5, 10, 15, 30, 45, 60, 120, and 240 min following administration. Plasma samples were immediately centrifuged at 4000 rpm for 15 min at 4 °C. Two hundred microliters of plasma was collected and immediately stored at −20 °C until further analysis.

### Sample Preparation {#S0002-S2005-S3002}

Plasma drug concentration was determined as follows. Forty microliters of internal standard (5 μg/mL nitrendipine in methanol) was added to each 200 μL plasma sample, and the samples were vortex-mixed for 30 s. Then, 100 μL of NaOH (1 mol/L) and 1.5 mL of N-hexane: ethyl ether (1:1) were added, and the mixture was vortexed for 5 min and sonicated for 5 min at room temperature.[@CIT0008],[@CIT0019],[@CIT0026] The mixture was then centrifuged at 10,000 rpm for 10 min at 4 °C, the supernatant was transferred to a 1.5-mL centrifuge tube, and the sample was evaporated using a RVC2-18CD plus vacuum desiccator (Christ Company, Germany) at 45 °C. The dried residue was dissolved in 100 μL of mobile phase, then centrifuged at 4000 rpm for 15 mins at 4 °C. Twenty microliters of the supernatant was injected for HPLC analysis.

### Analysis of NIMO Using HPLC {#S0002-S2005-S3003}

Plasma samples were separated using an Agilent Eclipse Plus C18 column (250 × 4.6 mm, 5 μm) maintained at 30 °C. The mobile phase was a mixture of acetonitrile water (60:40, v/v), and the flow rate was 1.0 mL/min.[@CIT0008] Absorbance was monitored at 358 nm.

In vivo Pharmacodynamic Study {#S0002-S2006}
-----------------------------

### Groups and Dosing {#S0002-S2006-S3001}

Twenty-four Male Sprague--Dawley rats (140--160 g) were divided into the following three groups using a table of randomized numbers: Normal saline (NS) group (n=8); Nimotop injection group (n=8); and NIMO-TNE group (n=8). NIMO-TNE was diluted with 0.9% sodium chloride to the same concentration as Nimotop injection. NIMO-TNE and Nimotop were injected at a single dose of 0.8 mg/kg. Equal volumes of normal saline, Nimotop, and NIMO-TNE were injected intravenously via the tail vein.

### Middle Cerebral Artery Occlusion (MCAO) Model {#S0002-S2006-S3002}

Electrocoagulation was used to generate a rat middle cerebral artery occlusion (MCAO) model as previously described.[@CIT0027]--[@CIT0030] Sprague-Dawley rats were anesthetized by intraperitoneal injection with 3% pentobarbital sodium at a dose of 30 mg/kg. The rats were placed in the lateral position on the operating table, and the left side of the face was shaved. An incision was made in the skin between the left orbit and the left ear following disinfection using 75% ethanol. The diaphragm and masseter muscle were separated and the tibia flap was exposed. A 2 mm × 2 mm hole was made in the bone using a Strong 102L skull drill (Precision Instrument Factory, Korea), and the skull was opened under an XTS-4A microscope (Zhongtian Optical Instrument Co., Ltd, Jiangsu, China). The middle cerebral artery was electrocauterized 1 mm below the intersection with the olfactory tract using a bipolar electrocautery (Jinbaiwei Photoelectric Technology Co., Ltd, Wuhan, China). The soft tissue was repositioned, and the skin was sutured. The rats were then dosed with the control solution or the drug products, then placed in their cages with enough food and water for 24 h.

The rats were anesthetized intraperitoneally with 3% pentobarbital sodium at a dose of 30 mg/kg 24 h after the MCAO procedure. The brains were immediately removed and sliced into 1-mm-thick coronal sections (Yuyan Scientific Instrument Co., Ltd, Shanghai, China). The slices were stained with a 1% solution of 2,3,5- triphenyl tetrazolium at 37 °C for 10 min. Viable brain tissue was stained red, and the infarcted area was unstained and appeared white. The slices were then transferred to a 10% formaldehyde solution and stored in the dark for 24 h for fixation. Images of the slices were acquired using a digital camera ([Figure 1](#F0001){ref-type="fig"}), and the infarcted area was measured using image analysis software (Image J, version: 1.4.3.67). The ratio of infarct volumes was obtained by calculating the percentage of infarct size compared to the total area of the infarcted cerebral hemisphere.[@CIT0028],[@CIT0030]--[@CIT0032]Figure 1Stained coronal sections of rat brain following MCAO.**Abbreviation:** MCAO, Middle cerebral artery occlusion.

Safety Assessment {#S0002-S2007}
-----------------

### Hemolysis Test {#S0002-S2007-S3001}

The hemolysis test was used to evaluate the safety of NIMO-TNE for clinical use. Fresh rabbit blood (10 mL) was collected, and the fibrinogen fraction was removed by stirring with a glass rod. The erythrocytes in the defibrinated blood were washed three times with 10 mL of 0.9% saline solution. Each wash step included centrifugation at 2500 rpm for 5 min, followed by removal of the supernatant. A 2% (v/v) erythrocyte suspension was prepared by diluting the erythrocytes with 0.9% saline solution.

Nine glass test tubes containing 2.5 mL of 2% (v/v) erythrocyte suspension were labeled numerically. Various amounts of NIMO-TNE (0.1, 0.2, 0.3, 0.4, and 0.5 mL) were added to tubes 1--5. Tube 6 contained only 2.5 mL of 0.9% saline, and served as a negative control. Tube 7 contained 2.5 mL of distilled water and served as a positive control. Tube 8 contained 2.5 mL of Nimotop injection, and served as a reference control. Blank nanoemulsion (0.5 mL) was added to tube 9. Saline solution was added to each tube to a final volume of 5 mL. The samples were incubated at 37 °C following mixing, and were observed at 15 min, 30 min, 45 min, 1 h, 2 h, 3 h, and 4 h.[@CIT0033],[@CIT0034]

### Intravenous Irritation Evaluation {#S0002-S2007-S3002}

Six male rabbits weighing 2.5--3.0 kg were randomly divided into two groups that received either Nimotop injection or NIMO-TNE. Nimotop injection and NIMO-TNE were administered at a dose of 0.4 mg/kg via the marginal vein of the right ear, and an equivalent volume of 0.9% saline was injected via the marginal vein of the left ear.[@CIT0008],[@CIT0034],[@CIT0035] All injections were administered at a rate of 1 mL/min once per day for three consecutive days. The appearance of the injection sites and the surrounding tissue was visually observed during the experiment. All rabbits in the study were euthanized 24 h after the final injection, and tissue samples located 0.5 cm and 3 cm from the injection site were cut. The tissue samples were fixed in 10% formalin, dehydrated using an ethanol gradient, embedded in paraffin, and stained with hematoxylin and eosin. All samples were examined using a BX43-DP21 light microscope (Olympus ltd. Japan) and pathological changes were evaluated.

### Acute Toxicity {#S0002-S2007-S3003}

The median lethal dose (LD~50~) of Nimotop injection was evaluated. The maximal feasible dose (MFD) of NIMO-TNE was evaluated to assess acute toxicity, based on excellent safety observed in preliminary studies.

The LD~50~ of Nimotop injection was determined as follows.[@CIT0036]--[@CIT0038] Forty ICR mice (20--25 g) were assigned randomly to five groups, with 4 males and 4 females in each group. Nimotop was injected intravenously via the tail vein at single doses of 1.90, 2.10, 2.32, 2.56, or 2.83 mg/kg. The mice were observed for general behavior and signs of toxicity for 14 d.

Twenty-four ICR mice (20--25 g) were divided randomly into a NIMO-TNE group and a control group comprised of 6 males and 6 females in each group to evaluate the maximum feasible dose of NIMO-TNE. Mice in the NIMO-TNE group were injected with NIMO-TNE at a dose of 18 mg/kg via the tail vein three times in a 24 h period (54 mg/kg cumulative dose). The mice in the control group were not subjected to any experimental procedures. The mice were observed for general behavior and signs of toxicity for 14 d. Changes in body weight were also monitored.

Statistical Analysis {#S0002-S2008}
--------------------

All the results are presented as means ± standard deviations (SD). Plasma concentration data were subjected to non-linear regression analysis using Drug and Statistics Software (DAS, version 2.0, Mathematical Pharmacology Professional Committee of China). Data from the MCAO study were subjected to analysis of variance using Excel 2010 and SPSS software (version 18.0). The LD~50~ and the associated 95% confidence interval of Nimotop injection were calculated using SPSS software (version 18.0) with the Bliss method. Differences between the different groups were determined using unpaired t-tests. P values \< 0.05 were considered statistically significant.

Results and Discussion {#S0003}
======================

Characterization of NIMO-TNE {#S0003-S2001}
----------------------------

### Drug Distribution in NIMO-TNE {#S0003-S2001-S3001}

Drug distribution of NIMO-TNE is summarized in [Table 1](#T0001){ref-type="table"}. The average drug content was 35.35% ± 1.26% in the oil phase, 0.10% ± 0.03% in the aqueous phase, and 64.56% ± 1.26% in the phospholipid bilayer. The majority of NIMO in NIMO-TNE was dispersed in the phospholipids layer and the oil phase because NIMO is poorly water soluble.[@CIT0007],[@CIT0019]Table 1Drug Distribution in NIMO-TNE at a Concentration of 1.0 mg/mLSampleDrug Content (%)Oil PhaseAqueous PhasePhospholipid BilayerNIMO-TNE35.35 ± 1.260.10 ± 0.0364.56 ± 1.26[^2][^3]

### Physical Stability Study {#S0003-S2001-S3002}

Physical stability of NIMO-TNE and NIMO-PEG400 solution was evaluated, and the results are summarized in [Table 2](#T0002){ref-type="table"}. The results showed that NIMO-TNE had an average particle size of 241.53 nm, an average PDI of 0.11, and a pH value of 7.23. These results were consistent throughout the experiments. Drug content of NIMO-TNE (1.0 mg/mL drug load) remained stable for 24 h. In the clinic, NIMO-TNE is prepared by mixing the blank fat emulsion and NIMO-PEG400 solution immediately prior to use. Therefore, 24 h stability was appropriate for clinical use. In addition, no significant changes were observed during long-term stability evaluation of NIMO-PEG400, as shown in [Table 3](#T0003){ref-type="table"}. These results showed that NIMO-TNE was stable at 25 °C ± 2 °C at a relative humidity of 60% ± 5% for at least 24 h, which is appropriate for clinical use.Table 2Physical Stability of NIMO-TNE (1.0 mg/mL)Time (h)Particle Size (nm)PDIpH valueDrug Content (%)0241.53 ± 1.480.11 ± 0.027.23 ± 0.03100\*2239.10 ± 1.120.10 ± 0.017.20 ± 0.04100.16 ± 0.314243.00 ± 1.510.10 ± 0.017.21 ± 0.03100.72 ± 0.496243.07 ± 1.220.13 ± 0.037.19 ± 0.04100.60 ± 0.648242.10 ± 3.820.11 ± 0.027.21 ± 0.0499.75 ± 0.5910244.13 ± 2.580.10 ± 0.017.21 ± 0.0399.91 ± 0.4212243.40 ± 2.780.12 ± 0.017.27 ± 0.0499.23 ± 0.3724245.40 ± 2.420.13 ± 0.017.26 ± 0.0499.03 ± 0.25[^4][^5] Table 3Long-Term Stability of NIMO-PEG400Time (Month)01236912Content (%)100\*99.21 ± 0.31100.53 ± 0.36100.93 ± 0.3199.95 ± 0.62100.58 ± 0.99100.20 ± 0.85[^6][^7]

### Dilution Stability Study {#S0003-S2001-S3003}

Stability of diluted NIMO-TNE was evaluated because this formulation must be diluted prior to clinical use. When the emulsion was diluted to 0.04 mg/mL, the concentration of Nimotop injection used clinically, no significant changes in particle size, PDI, pH, or drug content were observed ([Tables 4](#T0004){ref-type="table"} and [5](#T0005){ref-type="table"}). The pH of diluted injection solutions increased slightly over time, but the changes were not statistically significant (p \> 0.5; [Tables 4](#T0004){ref-type="table"} and [5](#T0005){ref-type="table"}). A previous study showed that dilution of Nimotop injection resulted in precipitation of drug crystals due to the reduced ratio of organic solvent, which could result in increased risk to the patient.[@CIT0008] In contrast, the drug in NIMO-TNE was dissolved in the phospholipid layer and oil phase because nimodipine is highly lipophilic, which resulted in excellent stability following dilution. These results showed that NIMO-TNE could be diluted to 0.04 mg/mL and remain stable within 24 h at the same concentration of Nimotop injection used clinically.Table 4Physical Stability of NIMO-TNE Following Dilution to 0.04 mg/mL in 5% GlucoseTime(h)Particle Size (nm)PDIpHContent (%)0240.23 ± 1.970.09 ± 0.034.57 ± 0.06100\*2238.17 ± 0.840.06 ± 0.034.62 ± 0.03100.33 ± 0.374239.80 ± 2.790.09 ± 0.024.61 ± 0.0599.91 ± 0.166237.63 ± 3.480.08 ± 0.024.62 ± 0.04100.81 ± 1.048239.73 ± 2.540.10 ± 0.024.65 ± 0.04100.49 ± 0.4010237.23 ± 2.960.08 ± 0.024.70 ± 0.01100.30 ± 0.7412236.10 ± 1.770.09 ± 0.034.71 ± 0.0599.36 ± 0.7624238.93 ± 3.180.08 ± 0.024.83 ± 0.0499.28 ± 0.16[^8][^9] Table 5Physical Stability of NIMO-TNE Following Dilution to 0.04 mg/mL in 0.9% Sodium ChlorideTime (h)Particle Size (nm)PDIpHContent (%)0227.50 ± 1.630.05 ± 0.035.89 ± 0.08100\*2227.10 ± 1.040.06 ± 0.035.92 ± 0.04100.74 ± 0.484232.27 ± 3.640.06 ± 0.045.96 ± 0.0599.33 ± 0.416228.60 ± 3.720.06 ± 0.035.94 ± 0.04100.53 ± 0.068232.80 ± 1.140.04 ± 0.015.95 ± 0.0399.31 ± 0.7410231.00 ± 0.990.05 ± 0.026.01 ± 0.03100.54 ± 0.8912231.73 ± 1.610.05 ± 0.025.96 ± 0.0199.36 ± 0.7624233.00 ± 3.280.03 ± 0.025.96 ± 0.0397.34 ± 0.84[^10][^11]

In vivo Pharmacokinetic Study {#S0003-S2002}
-----------------------------

Mean plasma concentration-time profiles following single intravenous injections of Nimotop and NIMO-TNE are shown in [Figure 2](#F0002){ref-type="fig"}. The results showed that Nimotop injection and NIMO-TNE had similar pharmacokinetic profiles. The drug was eliminated rapidly in the first 60 min, after which elimination occurred more slowly. The drug was not detectable at 240 min for either Nimotop or NIMO-TNE. The main pharmacokinetic parameters of both groups are summarized in [Table 6](#T0006){ref-type="table"}. The results showed that the area under the plasma-time curve, mean residence time, and half-life were similar between the two groups (p \> 0.05), which indicated that Nimotop and NIMO-TNE were bioequivalent. The rapid elimination rate of NIMO-TNE may have been due to rapid release of drug from NIMO-TNE as a result of high drug content (64.56% ± 1.26%) in the phospholipid bilayer.[@CIT0008],[@CIT0021] In addition, a previous study showed that the plasma protein-binding rate of nimodipine was 97--99% in blood.[@CIT0007] The released drug might interact with plasma proteins to promote further drug release. An MCAO model was used to evaluate the potential for treatment of ischemic cerebrovascular disease using NIMO-TNE.Table 6Pharmacokinetic Parameters of Nimotop Injection and NIMO-TNE in RatsParametersUnitNimotopNIMO-TNEAUC (0-t)mg/L·min20.208 ± 1.51421.031 ± 3.179AUC (0-∞)mg/L·min20.296 ± 1.57721.120 ± 3.262MRT (0-t)min38.767 ± 3.17038.795 ± 2.760MRT (0-∞)min39.814 ± 3.24640.702 ± 4.433t~1/2~zmin30.753 ± 4.52730.299 ± 4.959CLzL/min/kg0.040 ± 0.0030.039 ± 0.006[^12][^13] Figure 2Mean plasma concentration-time profiles following a single intravenous injection of Nimotop or NIMO-TNE in rats (n=6).**Abbreviation:** NIMO-TNE, two-vial formulation of nimodipine-loaded nanoemulsion.

In vivo Pharmacodynamic Study {#S0003-S2003}
-----------------------------

No deaths occurred during the experimental procedures. The infarction areas in the Nimotop injection group and the NIMO-TNE group were significantly smaller than those in the normal saline group, and no significant differences in infarct size were observed between the NIMO-TNE injection group and the Nimotop injection group ([Figure 3A](#F0003){ref-type="fig"}). These results were consistent with the quantitative results summarized in [Figure 3B](#F0003){ref-type="fig"}, in which the average rate of infarctionin the NS group was 37.70% ± 4.08%, the half-cerebral infarction ratio in the Nimotop injection group was 17.34% ± 3.24%, and the half-cerebral infarction ratio in the NIMO-TNE group was 17.51% ± 3.42%. The reduction in rate of half-cerebral infarction in response to Nimotop injection and NIMO-TNE compared to the NS group was 54.03% ± 8.60% and 53.56% ± 9.08%, respectively ([Figure 3C](#F0003){ref-type="fig"}). There was no difference in the rate of reduction of half-cerebral infarction between the Nimotop injection group and the NIMO-TNE group (p \> 0.05). These results indicated that a single intravenous injection of NIMO-TNE significantly reduced infarct size in a rat MCAO model. Furthermore, NIMO-TNE reduced infarct size to a similar degree as Nimotop injection at the same dose.Figure 3Brain infarction in a rat MCAO model. (**A**) Representative photographs of TTC stained brain slices from different groups. (**B**). The ratio of infarct volumes following MCAO in rats. (**C**) Reduced ratio of infarct volumes following Nimotop injection or NIMO-TNE injection versus the NS group.**Notes:** Normal saline (NS) group (n=8); Nimotop injection group (n=8); NIMO-TNE group (n=8). \*\*\*p \< 0.001 vs NS group.**Abbreviations:** NS, Normal saline; NIMO-TNE, two-vial formulation of nimodipine-loaded nanoemulsion; MCAO, Middle cerebral artery occlusion.

Intravenous Injection Safety {#S0003-S2004}
----------------------------

### Evaluation of Hemolysis {#S0003-S2004-S3001}

The results of the hemolysis test were shown in [Figure 4](#F0004){ref-type="fig"}. Complete hemolysis was observed in the positive control tube (No. 7) at 0 min, as evidenced by a clear red solution with no erythrocytes at the bottom of the tube.[@CIT0033],[@CIT0039] In contrast, no hemolysis was observed in the negative control (No. 6) or in the Nimotop injection tube (No. 8), and erythrocytes precipitated at the bottom of each tube. The NIMO-TNE (No. 1--5) and BNE (No.9) tubes were divided into three layers, including an emulsion layer, a mixed emulsion and erythrocyte layer, and an erythrocyte layer. The emulsion layer thickened over time, and the layer containing emulsion and erythrocytes thinned over time, and erythrocytes precipitated at the bottoms of the tubes. These results indicated that NIMO-TNE (1 mg/mL) did not induce hemolysis at 37 °C.Figure 4Hemolysis results for NIMO-TNE at 4 h.**Abbreviation:** NIMO-TNE, two-vial formulation of nimodipine-loaded nanoemulsion.

### Intravenous Irritation Assessment {#S0003-S2004-S3002}

The intravenous irritation test was performed to compare irritation resulting from saline injection and NIMO-TNE to that resulting from Nimotop injection. Mice in the Nimotop group experienced more irritation than those in the NS or NIMO-TNE groups during administration. In addition, Nimotop injection induced edema, which indicated severe irritation during administration.[@CIT0040] In contrast, no significant changes were observed in the ears of rabbits in the NS or NIMO-TNE groups following infusion.

Images of the rabbit ear tissue sections from the injection site are shown in [Figure 5](#F0005){ref-type="fig"}. The rabbit ear marginal vein in the Nimotop injection group showed vasodilation, hemorrhage, and edema around the vein. In addition, these tissue sections showed inflammatory cell infiltration in the vessel wall and surrounding tissues, and endothelial cell swelling, which indicated severe vascular irritation. In contrast, no inflammatory cell infiltration was observed in the surrounding tissues in the NS or NIMO-TNE groups, which indicated that no irritation had occurred. These differences may have been due to high ethanol content in Nimotop injection. The high concentration of ethanol may have induced vasodilation and increased vascular permeability, which results in leakage of red blood cells, drug, and organic solvent.[@CIT0008],[@CIT0040] These results indicated that Nimotop injection may induce significant pain and serious vascular irritation. The results showed that NIMO-TNE did not induce adverse effects such as pain and vascular irritation, which represented a marked improvement compared to Nimotop injection.Figure 5Images of rabbit ear pathological sections. (**A**) Nimotop injection group (100×); (**B**) Nimotop injection group (400×); (**C**) NIMO-TNE group (100×); (**D**) NIMO-TNE group (400×); (**E**) NS group (100×); (**F**) NS group (400×).**Abbreviations:** NIMO-TNE, two-vial formulation of nimodipine-loaded nanoemulsion; NS, Normal saline.

### Acute Toxicity {#S0003-S2004-S3003}

As shown in [Table 7](#T0007){ref-type="table"}, acute toxicity of Nimotop injection increased in a dose-dependent manner from 1.90 to 2.83 mg/kg. The clinical signs of toxicity were asthenia, spasticity of the hind limbs, and tics. In addition, urinary incontinence was observed in mice that died as a result of the injection. All the surviving mice recovered after 14 days. The LD~50~ of Nimotop injection was estimated to be 2.35 mg/kg, and the 95% confidence interval was 2.20--2.51 mg/kg.Table 7Acute Toxicity of Nimotop Injection in MiceDose (mg/kg)MortalityMortality (%)1.900/80.02.102/825.02.324/850.02.565/862.52.838/8100.0

In the maximum feasible dose (MFD) test of NIMO-TNE, no abnormal behavior or obvious signs of toxicity were observed following injection. Changes in body weight were similar between control mice and those treated with NIMO-TNE ([Figure 6](#F0006){ref-type="fig"}). The MFD of NIMO-TNE was at least 54 mg/kg.Figure 6Weight change curve. A. Male mice in the control group (n=6). B. Female mice in the control group (n=6). C. Male mice in the NIMO-TNE group (n=6). D. Female mice in the NIMO-TNE group (n=6).**Abbreviation:** NIMO-TNE, two-vial formulation of nimodipine-loaded nanoemulsion.

Given that the LD~50~ of Nimotop injection was 2.35 mg/kg, and NIMO-TNE could be dosed at 54 mg/kg with no obvious toxicity or side effects, we concluded that NIMO-TNE was significantly safer than Nimotop injection. These results were consistent with those from the intravenous irritation test.

Conclusion {#S0004}
==========

In summary, NIMO-TNE was successfully prepared using a simple method. The drug loading of NIMO-TNE reached 1 mg/mL, and 64.56% ± 1.26% and 35.35% ± 1.26% of the drug was distributed in the phospholipid bilayer and oil phase, respectively. NIMO-TNE was stable for a sufficient duration to allow for clinical application. In addition, NIMO-TNE was physically compatible with 5% glucose and 0.9% sodium chloride, as indicated by stability for 24 h in these solutions. NIMO-TNE showed similar pharmacokinetic properties to Nimotop injection. Moreover, there were no significant differences in reduction of MCAO-induced brain ischemia following NIMO-TNE or Nimotop injection in rats. The hemolysis test showed that NIMO-TNE did not induce hemolysis at 37 °C. Furthermore, NIMO-TNE did not induce irritation during or after intravenous infusion, which represented a significant improvement over Nimotop injection. In addition, NIMO-TNE could be dosed at 54 mg/kg with no obvious toxicity or side effects, whereas the LD~50~ of Nimotop injection was 2.35 mg/kg. Therefore, NIMO-TNE may be a promising drug carrier for NIMO. Furthermore, this novel two-vial formulation of a drug-loaded nanoemulsion may be a promising method for the intravenous administration of lipophilic drugs.
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